[1] Surface snowmelt is widespread in coastal Antarctica. Satellite-based microwave sensors have been observing melt area and duration for over three decades. However, these observations do not reveal the total volume of meltwater produced on the ice sheet. Here we present an Antarctic melt volume climatology for the period 1979-2010, obtained using a regional climate model equipped with realistic snow physics. We find that mean continent-wide meltwater volume amounts to 89 Gt y À1 with large interannual variability (s = 41 Gt y À1 ). Of this amount, 57 Gt y À1 (64%) is produced on the floating ice shelves extending from the grounded ice sheet, and 71 Gt y À1 in West-Antarctica, including the Antarctic Peninsula. We find no statistically significant trend in either continentwide or regional meltwater volume for the 31-year period 1979-2010. Citation: Kuipers Munneke, P., G. Picard, M. R. van den Broeke, J. T. M. Lenaerts, and E. van Meijgaard (2012) , Insignificant change in Antarctic snowmelt volume since 1979, Geophys. Res. Lett., 39, L01501, doi:10.1029/2011GL050207.
Introduction
[2] While almost all meltwater produced in Antarctica refreezes in the snow and firn and therefore does not contribute directly to sea-level rise, knowing its total volume is important for at least two reasons. First of all, the role of meltwater-induced weakening of ice shelves prior to their breakup in recent times [Scambos et al., 2000] can be assessed quantitatively when it is known how much meltwater would be available for these weakening processes. Second, the interpretation of elevation changes measured by altimeters onboard satellites is hampered by lacking knowledge of variability in firn density. Firn densification is highly sensitive to melt [Helsen et al., 2008] so any model correcting elevation changes in order to obtain mass changes requires accurate melt fluxes as input.
[3] Satellite-based microwave radiometers can detect liquid water since microwave emissivity of wet snow is much higher than that of dry snow [Zwally and Fiegles, 1994; Liu et al., 2006; Tedesco et al., 2007; Picard et al., 2007] . These brightness temperature observations yield approximate values for melt duration, melt area, and the cumulative melting surface (CMS, also called melt index by [Zwally and Fiegles, 1994; Tedesco et al., 2007; Tedesco, 2009] ), being the product of melt duration and area. CMS can act as a useful remotely-sensed climatic indicator. The most significant limitation to satellite microwave sensors is that they can only detect if a surface is melting, not the melt rate . For that, a snow model would be required, that uses net surface energy fluxes from an atmospheric model as the source for heating and melting of the snow. Here, we present a time series of meltwater volume using the regional climate model RACMO2 (Regional Atmospheric Circulation Model 2) that has been two-way coupled to a multi-layer snow model that takes into account melting, percolation, and refreezing in the snow [Ettema et al., 2010] . The atmospheric part of RACMO2 provides precipitation fields, as well as temperature, wind, humidity, and radiation fluxes to compute the surface energy balance. Any excess of surface energy heats the snowpack, and melts it when the melting point is reached. In the surface energy budget, the absorption of solar radiation is the dominant and a particularly sensitive component, governed by changes in surface albedo. A snow microphysical parameterization of albedo was implemented in RACMO2 [Kuipers Munneke et al., 2011] that allows for a realistic simulation of absorbed solar radiation. This is of key importance, since absorption of solar radiation and snowmelt engage in a positive melt-albedo feedback where more melt leads to larger snow grains that absorb more radiation, which in its turn allows for more melt.
Antarctic Melt Volume
[4] The 27-km resolution RACMO2 computational domain, that extends well over the Southern Ocean, was forced at the boundaries by ERA-Interim reanalysis data between 1979 and 2010. The resulting time series of melt integrated over the entire continent, as well as over 6 Antarctic regions, is shown in Figure 1 . Years in the figures and in the text refer to the period of 1 April of that year until 31 March of the next year, so that Austral summers do not get split. To compute a clean and unbiased meltwater volume climatology, the area of the ice shelves that disappeared between 1979 and 2010 is excluded from the analysis of the entire period. Mean annual meltwater production is 89 Gt y À1 with large interannual variability (s = 41 Gt y ). About 64% of all meltwater is produced on the ice shelves. Averaged over the entire continent, melt constitutes slightly less than 4% of the annual Antarctic snowfall (J. T. M. Lenaerts et al., A new high-resolution surface mass balance map of Antarctica (1989 Antarctica ( -2009 ) based on regional climate modelling, unpublished manuscript, 2011). For a regional view, we divided the ice sheet into 6 areas following [Zwally and Fiegles, 1994] (Figure 2 and Table 1 ) and show time series of melt volume for these regions in Figure 1b . By far most of the melt is produced in the Antarctic Peninsula 
Satellite Validation
[5] We evaluated the RACMO2 melt climate by calculating a model-CMS (see text S1 in the auxiliary material), so that RACMO2 results can be compared with satellite microwave data.
1 In fact, we are taking a step back with RACMO2 by just determining if the surface is melting, disregarding the melt volume [see also Fettweis et al., 2011] . Satellite microwave data are provided by SMMR (Scanning Multichannel Microwave Radiometer) before 1 July 1987 and SSM/I (Special Sensor Microwave/Imager) platforms after that. SMMR data are available only every other day, so for any missing day, we have linearly interpolated the brightness temperature using the previous and the next day.
The SSM/I satellites have acquisition hours that bias towards the evening and the night, thus tending to underestimate the amount of melt events [Picard and Fily, 2006] . For a fair comparison between RACMO2 and SSM/I, RACMO2 snowmelt was therefore resampled as the mean of the melt at 5.00 and 22.00 local time for each location, which are the times representative of the SSM/I acquisition hours. The SMMR data are acquired approximately noon and midnight, and RACMO2 snowmelt was resampled accordingly for the SMMR era. This satellite-synchronized CMS series compares favorably with satellite observations (Figure 3a) , while also capturing the interannual variability. The agreement deteriorates somewhat during the SMMR era (prior to 1987), which is partly due to uncertainty in the satellite data: since SMMR acquires a melt map every two days, the interpolation for half of the days causes some uncertainty in the satellite CMS. A spatial comparison can be made by looking at the number of melt days (NMD) for the RACMO2 results and the SSM/I data (Figures 3b and 3c) , averaged over the period 1979-2010. The general pattern of NMD is simulated well by RACMO2, with high values in the Peninsula and lower values around the coast of East Antarctica. There exist a few differences however; the coastal zone experiencing melt in East Antarctica is narrower in RACMO2, and the model also computes lower NMD in those areas. The northeasterly gradient in NMD on the Ross ice shelf is well captured, as well as areas with high NMD in Marie Byrd Land, and on both sides of the Peninsula. The model underestimation of NMD in coastal East Antarctica is offset by a higher NMD in the northern Peninsula. We speculate however that this is an underestimation of satellite-detected melt resulting from the difficulty in sensing mountainous terrain interspersed with open water [Torinesi et al., 2003] .
[6] In the auxiliary material ( Figure S1 ), we show that satellite-derived CMS can be a good predictor of melt volume. The linear correlation between RACMO2 melt volume and satellite-observed CMS has a moderate r 2 = 0.43, but this includes the difference between RACMO2 and satellite CMS. The linear correlation between RACMO2 melt volume and RACMO2-derived CMS shows an r 2 = 0.97, with a slope of 4.84 Gt y À1 per one million km 2 d.
Melt Volume Trends
[7] None of the regions in Antarctica show a statistically significant trend in melt volume over the period 1979-2010. There is a large interannual variability -in many parts of Antarctica, the years between 1989-1992 show anomalously widespread melting [Picard et al., 2007; Tedesco et al., 2007; Ridley, 1993] whereas the austral summer 2008-2009 showed a 30-year minimum in snowmelt extent [Tedesco and Monaghan, 2009] . Limiting the time series to the period 1989-2010 leads to statistically significant, strongly negative trends in melt volume (À4.1 Gt y À2 , p < 0.01). The trend in satellite CMS (1979 CMS ( -2010 ) is negative and statistically significant ( p < 0.01) at À3.8 ⋅ 10 5 km 2 d y À1 . However, this trend is influenced by a change in acquisition hours of different satellites. The RACMO2 CMS trend is also negative (À2.8 ⋅ 10 5 km 2 d y À1 , p < 0.1) when the modeled melt is synchronized with the satellite overpass times. When we base the CMS on 24 hours of RACMO2 data, the trend becomes smaller (À1.5 ⋅ 10 5 km 2 d y À1 ) and statistically insignificant. However, the trend in melt volume, which is the most relevant quantity, can be deduced only from RACMO2 data, and is slightly negative at À0.90 Gt y À2 but not statistically significant.
Discussion and Conclusions
[8] The insignificant change in melt volume over the period 1979-2010 is not necessarily contradicted by the rapid regional warming observed from the 1950s to the 2000s in parts of the Antarctic Peninsula [Vaughan et al., 2003; Turner et al., 2005] . Of the four Antarctic Peninsula stations that have an air temperature record for 1979-2010 (READER database, http://www.antarctica.ac.uk/met/READER), only Faraday exhibits a statistically significant warming trend in summer temperature for that period. An observation-based reconstruction of DJF near-surface temperature [Monaghan et al., 2008] does show statistically significant trends in parts of West-Antarctica, although these are likely affected by recently discovered biases in the Byrd station temperature record (A. Monaghan, personal communication, 2011) . A reconstruction of near-surface temperature without the questionable Byrd station (A. Monaghan, unpublished data, 2011) leaves DJF temperature trends for 1979-2010 insignificant over nearly the entire continent, and mostly suggests statistically insignificant cooling along the coastal margins. This finding also seems consistent with RACMO2 DJF nearsurface temperatures, which show no statistically significant trends for 1979-2010 in any of the areas that experience melt.
[9] The finding that snowmelt has not changed significantly over the past 31 years provides additional insight in the relation between snowmelt and the breakup of ice shelves in the past 20 years. Scambos et al. [2000] demonstrated that breakup of many ice shelves is preceded by intense ponding of meltwater at the surface. The circumstances needed for widespread ponding to occur have to be of an episodic nature: the flat trend in meltwater production precludes the option that the snowpack is being preconditioned by melt over multiple years prior to breakup. Rather, a single long and intense melt event, driven by a particular atmospheric circulation, likely precedes breakup of an ice shelf [Van den Broeke, 2005] . Still, ice-shelf breakup seems to have increased, and the ice shelves that break up had been in place for centuries [Scambos et al., 2000] . This suggests that an increased forcing must have been acting in recent decades, and that this forcing must come from below the ice shelf, in the form of increased basal melt [Shepherd et al., 2003] . A picture emerges in which the ultimate fate of ice shelves is governed by oceanic forcing from below, whereas the timing of their breakup depends on the occurrence of 'favorable' atmospheric conditions.
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